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Neonatal periodPrenatal stress (PS) and early postnatal environment may alter maternal care. Infant rats learn to identify
their mother through the association between maternal care and familiar odors. Female Wistar rats were ex-
posed to restraint stress for 30 min, 4 sessions per day, in the last 7 days of pregnancy. At birth, pups were
cross-fostered and assigned to the following groups: prenatal non-stressed mothers raising non-stressed
pups (NS:NS), prenatal stressed mothers raising non-stressed pups (S:NS), prenatal non-stressed mothers
raising stressed pups (NS:S), prenatal stressed mothers raising stressed pups (S:S). Maternal behaviors
were assessed during 6 postpartum days. On postnatal day (PND) 7, the behavior of male and female pups
was analyzed in the odor preference test; and noradrenaline (NA) activity in olfactory bulb (OB) was mea-
sured. The results showed that restraint stress increased plasma levels of corticosterone on gestational day
15. After parturition, PS reduced maternal care, decreasing licking the pups and increasing frequency outside
the nest. Female pups from the NS:S, S:NS, S:S groups and male pups from the S:S group showed no nest odor
preference. Thus, at day 7, female pups that were submitted to perinatal interventions showed more impair-
ment in the nest odor preference test than male pups. No changes were detected in the NA activity in the OB.
In conclusion, repeated restraint stress during the last week of gestation reduces maternal care and reduces
preference for a familiar odor in rat pups in a sex-speciﬁc manner.
© 2011 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
In humans, stress experienced during pregnancy and/or unreliable
maternal behavior, such as abuse or neglect of children, are associated
with vulnerability to psychopathology in adult life [1,2].
In animalmodels, stress applied during the gestational period affects
maternal behavior [3–5], increases the anxiety of mothers in the post-
partum period [6], and causes changes in the physiology and behavior
of the offspring in adulthood [7,8]. Maternal care can be modulated by
exogenous stimuli either from own pups or from the environment
[9,10]. Normal growth and behavioral development of pups seem to de-
pend on stable mother–infant interaction [11,12].
Experimental protocols designed to analyze the effects of environ-
mental interventions during the neonatal period may involve different
durations of mother–infant separation. In the procedure known asio Grande do Sul, Instituto de
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evier OA license.“neonatal handling”, the experimenter manipulates the pups for a few
minutes (usually 1 to 15 min), during which time the pups are separat-
ed from the mother [13]. Previous ﬁndings have demonstrated that rat
pups handled during the neonatal period present a reduction in odor
preference to the own nest, an effect probably elicited by alterations
in maternal care [14].
Inmostmammals, the identiﬁcation of themother by the pups is es-
sential for development and survival during the ﬁrst days after birth. In-
fant rats rapidly learn to identify, orient, approach and prefer the odor of
themother through olfactory learning [15,16]. Similar to the classic par-
adigm of conditioning, olfactory learning involves bothmaternal licking
(unconditioned stimulus) and the mother's odor (conditioned stimu-
lus) [17,18]. Thus, tactile stimulation (licking) by the mother activates
the locus coeruleus (LC) [19] and increases noradrenaline (NA) levels
in the olfactory bulb (OB) of pup [20]. This association activates a
chain of events in the mitral neurons of the pup's OB.
The present study was designed to investigate the effects of restraint
stress on the mother and offspring in Wistar rats, when applied during
the last week of pregnancy. In order to separate the effects of prenatal
stress on the fetuses from that on the behavior of the mother, we used
a cross-fostering procedure. In the mothers, plasma corticosterone was
measured on gestational day 15; and the maternal behavior was
recorded during theﬁrst 6 days after delivery. In the pups, the preference
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tivity in the OB of the 7-day-old pups was veriﬁed.
2. Materials and methods
2.1. Subjects
All experimental procedures were approved by the Research
Ethics Committee of the Universidade Federal do Rio Grande do Sul
(Nr. 2007907) and were in accordance with Brazilian legislation
(law 11.794/08), the guidelines of the Brazilian Collegium of Animal
Experimentation (COBEA) on the care and use of animals in research
and teaching. Seventy virgin female Wistar multiparous rats were
obtained from a breeding colony at Universidade Federal do Rio
Grande do Sul (Porto Alegre, Brazil). Rats were maintained on a
12 h light–dark cycle (lights on at 6 a.m.), with a room temperature
of 22±1 °C and relative humidity around 50% with water and food
(Rodent chow, Nutrilab, Colombo, Brazil) freely available at all times.
The estrous cycle was daily veriﬁed by vaginal smear and once the
proestrus phase was detected in at least 4 females, these animals
were individually mated with a sexually experienced male for 24 h
in polycarbonate cages (24×20×47 cm). The ﬁrst day of pregnancy
was conﬁrmed by the presence of sperm in the vaginal smear up to
12 h after mating.
2.2. Prenatal stress procedure
During the last days of pregnancy (days 15 to 21), females were
submitted to four sessions of 30-min restraint stress during each
day (at 9:00, 12:00, 15:00 h on the light phase of the cycle, and
18:00 h on the dark phase). During these periods of stress, each rat
was maintained in a 24×9×5 cm Plexiglas restraint apparatus.
2.3. Plasma corticosterone assay
On gestational day 15 (ﬁrst day of restraint) at approximately
9:30 a.m., the stressed females were removed from the restraint,
anesthetized with halothane (Cristalia, Brazil, code 4210-3), and a
blood sample (approximately 500 μL) was quickly obtained by punc-
turing the animal's orbital plexus. On the same gestation day, the con-
trol non-stressed females were removed from the home cage and
blood was collected using the same procedure.
The blood samples were centrifuged at 3000 rpm and plasma was
stored at −80 °C. Corticosterone was extracted from plasma with
ethyl acetate; the extract was subsequently evaporated and dissolved
for hormone evaluation with an ELISA kit (Cayman Chemical CO., Ann
Arbor, MI, USA).
2.4. Cross-fostering
On the day of birth, pups were counted and culled to 8 pups per
litter. Soon after that, the pups were cross-fostered according to the
prenatal stress, and 4 groups were established:
1. Mothers that were not submitted to prenatal stress raising cross-
fostered non-stressed pups (n=9, NS:NS)
2. Mothers that were not submitted to prenatal stress raising cross-
fostered pups that were prenatally stressed (n=11, NS:S)
3. Prenatally stressed mothers raising cross-fostered non-stressed
pups (n=10, S:NS)
4. Prenatally stressed mothers raising cross-fostered stressed pups
(n=10, S:S)
In the present experiment, all pups were cross-fostered.2.5. Maternal behavior
After delivery, mothers were housed individually in a fresh polypro-
pylene cage (16×28×42 cm), withwood shavings as beddingmaterial.
Food and water were available ad libitum and the room temperature
was maintained at 20–24 °C. Maternal behavior was observed daily
during 4 periods of 72 min each. Three periods of observationwere con-
ducted during the light phase of the cycle (10:00, 13:00, 16:00 h) and
onewhen the lights were already off (18:00 h) in the ﬁrst 6 postpartum
days by a trained observer. Within each observation period, the behav-
ior of the mothers was scored every 3 min (25 observations/period×4
periods/day=100 observations/mother/day). Data are expressed as
means±SEM of the sum of total frequencies from a total of 600 obser-
vations for each rat (100 observations/day during the ﬁrst six postpar-
tum days).
The following behaviors of the mothers were recorded: mother out-
side thenest, themother is away from the nest andwithout physical tac-
tile contact with the pups; licking the pups, either the body surface or its
anogenital region; nursing, the mother nurses the pups in either an
arched-back posture, a blanket posture, in which the mother lays over
the pups, or a supine posture, in which the mother is lying either on
her back or side while the pups nurse. Total nursing frequency was
obtained by the sum of the frequency of the behaviors of themother di-
rected towards the pups.
2.6. Nest odor preference test
The nest odor preference test was based on studies testing the asso-
ciative olfactory learning [16,21], and adapted by Raineki et al. [14]. The
test was performed on postnatal day (PND) 7, the age at which the olfac-
tory learning mechanism was analyzed in previous studies [16,21], and
consisted in a two-odor choice between one area with the nest bedding
and another with fresh bedding. A Plexiglas box (34 cm long×24 cm
high×40 cm wide) divided in two equal parts by a 2 cm wide neutral
zone was used for the test. In one end of each area, 300 mL of bedding
(fresh bedding or nest bedding) were placed in the corners. The pup
was placed in the 2-cmneutral zone at the opposite end of the box, facing
the target beddings. The amount of time spent by pups over each of the
two areas was recorded in a 1-min trail test. The pup was considered to
be in one area when it turned its head or the whole body to one of box
sides. Animals were tested for 5 trials with an interval of 2 min between
each one. After the trial, the pup was taken back to its home cage, where
the mother was, and placed in a corner separated from the litter. During
each trial interval, the testing box was washed with 70% ethanol to re-
move odors and the bedding materials were switched to the alternate
side of the box. The video recordings were later analyzed using the Nol-
dus Observer software (Noldus Information Technology, Netherlands).
The total time (s) spent by pups in each area was obtained by the sum
of the 5 trials.
2.7. High performance liquid chromatography with electrochemical
detection (HPLC-ED)
The levels of NA and its metabolite, 3-methoxy-4-hydroxyphenylgly-
col (MHPG), were analyzed in the pup's OB, as previously described [20].
Brieﬂy, pups were rapidly decapitated on PND 7. Ten minutes after the
nest odor preference test, the olfactory bulbs were removed, frozen in a
container with isopentane in dry ice and immediately stored at−70 °C.
Then, using amicroultrasonic cell disrupter, olfactory bulbs were homog-
enized in 500 μL of a solution containing 0.15 M perchloric acid, 0.1 mM
EDTA and 75 nM 3,4-dihydroxybenzylamine (DHBA, internal standard).
The homogenates were centrifuged for 20 min at 12,000 g and superna-
tants ﬁltered through a 0.22-μm ﬁlter and divided in two parts, one for
MHPG and another for NA analysis. In the remaining pellet, protein con-
tentwasdeterminedusing theBradfordmethod [22]. Separationwas per-
formed using a 250×4-mm C18 column (Purospher Star, 5 μm, Merck,
Fig. 1.Maternal behavior of primiparous lactating rats. Data are shown as mean±SEM
of frequency from a total of 600 observations for each rat (100 observations per day).
(A) Total frequency for nursing behavior. No signiﬁcant difference was found in any
group. (B) Total frequency of the mothers outside the nest. (C) Total frequency for lick-
ing behavior. Data were analyzed using one-way ANOVA followed by the Newman–
Keuls post hoc test. *pb0.05 compared with NS:NS group. (n=9–11per group).
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Merck). For NA analysis, the mobile phase consisted of 100 mM sodium
dihydrogen phosphate, 10 mM sodium chloride, 0.1 mM EDTA,
0.95 mM sodium 1-octanesulfonic acid and 16% methanol, pH 3.5. The
ﬂow rate was 0.6 mL/min and the detector potential, 0.60 V vs. in situ
Ag/AgCl reference electrode. For MHPG analysis, samples were acid hy-
drolyzed by heating for 5 min at 94 °C in order to deconjugate free
MHPG [23]. The mobile phase consisted of 100 mM sodium dihydro-
gen phosphate, 10 mM sodium chloride, 0.1 mM EDTA, 0.26 mM so-
dium 1-octanesulfonic acid and 4% methanol, pH 3.5. The ﬂow rate
was 0.5 mL/min and the detector potential, 0.65 V. NA and MHPG
were identiﬁed by their peak retention time and quantiﬁed using
the internal-standard method. All samples were measured in the
same analysis. The intra-assay coefﬁcients of variation were less
than 5%. NA levels were considered to estimate neurotransmitter
stock in the synaptic vesicles, whereas MHPG levels reﬂected the
amount of NA released in the sample [23]. The MHPG/NA ratio was
used as a measure of neurotransmitter turnover.
2.8. Statistical analysis
Corticosterone levels of themotherswere evaluated using theMann–
Whitney U-test and the date presented as median (inter-quartile range
IQR). Behavioral and neurochemical data were analyzed using one-way
ANOVA followed by the Newman–Keuls post-hoc test. In the nest odor
preference test, the amount of time spent outside the neutral zone was
analyzed using two-way ANOVA with the experimental groups and
area of the testing apparatus as factors and Bonferroni post-hoc test
was used formultiple comparisons. The differenceswere considered sig-
niﬁcant when p≤0.05.
3. Results
3.1. Maternal plasma corticosterone
Corticosterone plasma levels (ng/mL) in the pregnant rats in-
creased after 30 min of restraint stress, with a median (IQR) of 1000
(636.3–1375.0), compared with non-stressed rats with a median
(IQR) of 187.5 (82.5–450.0), (U=5.0; pb0.05). These data show the
release of corticosterone in response to restraint stress after the ﬁrst
session on gestational day 15 (n=8 for group).
3.2. Maternal behavior
Inmaternal behavior, restraint stress produced no changes in the fre-
quency of the different nursing styles. Similarly, when total nursing fre-
quency was examined between the groups (NS:NS, NS:S S:NS and S:S)
no signiﬁcant difference was found (one-way ANOVA F(3,36)=2.4;
p=0.08) (Fig. 1A). On the other hand, the frequency of mother outside
the nest in the S:NS and S:S groups showed signiﬁcant increase when
compared toNS:NS group (one-wayANOVA F(3, 36)=5.9; p=0.002) fol-
lowed by Newman–Keuls post hoc test (Fig. 1B). For licking/grooming,
the S:NS and S:S group showed a signiﬁcant decrease when compared
with NS:NS group (one-way ANOVA F(3,36)=3.3; p=0.03) followed by
Newman–Keuls post hoc test (Fig. 1C).
3.3. Nest odor preference test
Male pups from the S:S group exhibited no preference for the nest
bedding area compared to the fresh bedding one, while all other groups
(NS:NS, NS:S and S:NS) showed a marked preference for the nest area
instead of fresh area. Two-way ANOVA showed signiﬁcant main effect
for area F(1,70)=41.4; pb0.0001, no main effect for group F(3,70)=0.2;
p=0.9, but signiﬁcant interaction (group and area) F(3,70)=7.4;
p=0.0002 (Fig. 2A). Regarding female pups, only the NS:NS group
showed a clear preference for the nest bedding area. Two-way ANOVAshowed main effect for area F(1,70)=18.0; pb0.0001, no main effect
for group F(3,70)=0.2; p=0.8, but signiﬁcant interaction between the
main factors F(3,70)=6.6; p=0.0006. Thus, female pups that were sub-
mitted to pre or post natal stress (NS:S, S:NS and S:S groups), showed
no preference for the nest odor (Fig. 2B).3.4. NA and MHPG levels in the OB of pups
Fig. 3A, B and C shows NA, MHPG content and MHPG/NA ratio in
the OB of 7-day-old male and female pups. No signiﬁcant difference
was observed for NA, MHPG or MHPG/NA in male pups (one-way
ANOVA, F(3,24)=1.5; F(3,24)=0.2 and F(3,24)=0.9, respectively). Re-
garding female pups, NA levels were higher in the S:NS and NS:S
groups than in the NS:NS and S:S groups (one-way ANOVA F(3,24)=
7.2; p=0.001),followed by Newman–Keuls post-hoc test. (Fig. 3D).
For the MHPG levels, one-way ANOVA determined a signiﬁcant differ-
ence among groups (F(3,24)=3.7; p=0.02) (Fig. 3E), but the post-hoc
test did not detect any signiﬁcant difference. For the MHPG/NA ratio,
there was no difference among groups (one-way ANOVA, F(3,24)=
0.3) (Fig. 3F).
Fig. 2. Data are shown as mean±SEM of time (s) spent over nest and fresh bedding
area of NS:NS, NS:S, S:NS and S:S groups of male (A) and female (B) pups in the nest
odor preference test. Data were analyzed using two-way ANOVA followed by the Bon-
ferroni post hoc test. *pb0.05 signiﬁcant difference from the fresh bedding area of
same group (n=9–10 per group).
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The results show that prenatal stress abolished the natural preference
for the nest odor in 7-day-old female rat pups (S:S group), even when
they were raised by non-stressed mothers (NS:S group). Moreover, fe-
male pups that were not submitted to prenatal stress but were raised
by mothers that were restrained during the last 2 weeks of pregnancy
(S:NS) also showed no behavioral preference for fresh bedding or their
own nest bedding. On the other hand, in male pups, the nest odor-
directed behavior was only affected when they were prenatally stressed
and raised by a mother that was also submitted to the gestational stress
(S:S group). In males, only the combination of prenatally stressed pups
being raised by stressed mothers during gestation (S:S) induced no be-
havioral preference for their own nest bedding. Thus, this preference ap-
pears to be more resistant to environmental interventions in male than
female pups. It seems that compared to male pups, female pups are
more susceptible to both prenatal stress, which increases plasma gluco-
corticoids in the pregnant females (NS:S) and reduced maternal behav-
ior (S:NS) during the neonatal period, as well as the combination of the
two situations.
The differences between the sexes in the nest odor preference test
may be explained by the stimulus provided by the mothers. Given that
during the neonatal period, lactating rats naturally spend more time
interacting with male than female pups [24,25], a further reduction in
thematernal care, induced by the gestational stress, probably contribut-
ed to the remarkable difference seen between the sexes. Indeed, the re-
duction inmaternal behavior affected the preference of female pups that
were not prenatally stressed, but notmale pups in the same condition. In
agreement with previous reports showing that maternal care reversed
the aversive effects of stress during gestation [26–28], we postulatethat the normal behavior of non-stressedmothers could have attenuated
the outcome of prenatal stress in the male pups, but not in the female
ones. Indeed, sex-based effects of gestational stress can still be seen in
the hypothalamus pituitary adrenal (HPA) axis of adult rats, with fe-
males being more sensitive than males when exposed to gestational
stress [29]. Moreover, adult females seem to be more likely to present
changes in the HPA axis due to stress than males [30–32].
In contrast to our initial hypothesis, the NA activity, as measured
by quotient of the NA metabolite, MHPG, and the amount of NA in
the OB, after the nest odor preference test was not altered by the pre-
natal stress and/or the reduced maternal behavior in male and female
pups. Although an increase in the NA level was shown in two groups
of female pups, no signiﬁcant difference was observed in its activity.
In neonate rats, the NA input from the locus coeruleus (LC) to the
OB is necessary for the olfactory memory [20], in which NA increases
cyclic AMP levels inducing phosphorylation of cyclic AMP response
element-binding protein CREB [33,34]. The lack of effect of prenatal
stress on NA activity in the OB is in contrast with a previous ﬁnding
from our group, in which the postnatal handling procedure decreased
NA activity in the OB at PND 7 in both male and female pups [20]. This
discrepancy may well be explained by the period of the stress and the
different protocols adopted (prenatal stress and neonatal handling),
since the handling procedure induces bursts of increased levels of
maternal care [13], while prenatal stress produces the opposite effect
on maternal care. Additionally, according to Meaney [35], high and
low levels of maternal care may induce different effects on the neuro-
endocrine systems in the offspring.
NA content increased in the OB of prenatally stressed female pups
raised by non-stressed mothers (NS:S group) and pups raised by pre-
natally stressed mothers (S:NS group), but surprisingly the content
did not change when female pups were submitted to both conditions,
as was initially expected. Given that the experiment measured the ac-
tivity on PND 7, and the pups were raised by the foster mothers since
the day of birth, the temporal effect of maternal care should be taken
into consideration. In fact, in all measurements, the cumulative effect
of the maternal behavior on the infant is an important variable to be
considered. We may infer that in the S:S female pups, NA content in
the OB increased during the ﬁrst days after birth due to the combina-
tion of the prenatal stress and the reduced maternal care, and then,
decreased to the levels of the control group at PND 7. The changes
in NA levels in the pups' OB induced by prenatal stress or the reduc-
tion in maternal care may not be constant.
In prenatally stressed pups, the results here described were the con-
sequence of the intra-uterus stress and the changes inmaternal behavior
derived from the restraint stress during gestation. Indeed, the environ-
mental intervention (repeated restraint stress of the pregnant female)
was the variable analyzed, and the fetuses were submitted to it through
themother. Later on, after birth, again the changes in the behavior of the
lactating female probably affected the behavior of the infants. Another
experimental aspect to be considered is the cross-fostering procedure.
In order to analyze the impact on the offspring, a cross-fostering protocol
was designed in order to separate the effects of PS and postnatal environ-
ment (maternal care). However, this procedure per se may have inﬂu-
enced the results obtained, since cross-fostering is known to inﬂuence
maternal care [51].
The present study shows, furthermore, that corticosterone levels in-
creased in response to stress during gestation in rats, at least after the
ﬁrst stress episode on gestational day 15. Although we do not have
the values for the corticosterone levels after the repeated restraint
stress on gestational day 21, a previous study reported increased corti-
costerone levels in females submitted to restraint stress at the end of
pregnancy using a similar stress protocol [36]. Thus, pregnant rats
may respond to stress during the last week of pregnancy with an in-
crease in plasma corticosterone after the stress episode and a reduction
in maternal behavior during lactation. Both changes may have affected
the offspring in our study.
Fig. 3. Noradrenergic activity in the OB of pups on PND 7. Data are shown as mean±SEM of NA (A, D), MHPG (B, E) levels and MHPG/NA ratio (C, F) of male and female pups re-
spectively. Data were analyzed using one-way ANOVA followed by the Newman–Keuls post hoc test. *pb0.05 (n=7 per group).
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mother–infant relationships [11]. In the present study, stressed
mothers raising non-stressed pups (S:NS) and stressed mothers rais-
ing stressed pups (S:S) showed a lower frequency of licking and a
higher frequency of time spent by the mother outside the nest com-
pared with non-stressed mothers raising non-stressed pups (NS:
NS). Our data show that restraint stress selectively affected two
types of maternal behavior patterns: licking and absence from the
nest. These effects of prenatal stress on the maternal care are in
agreement with several studies involving stress protocols applied
during the last weeks of gestation in rats [3,37,38]. The long-lasting
impact of prenatal stress can be detected in the elevated plus-maze
test after PND 21, in which the prenatally stressed mothers were
shown to more anxious than the unstressed ones, and showed an im-
paired ability to cope with inescapable situations [6]. These results
show that pregnancy constitutes a period of high vulnerability to
the effects of stress even after the end of the stressor stimulus
[6,41]. On the other hand, other studies found no change in maternal
care after gestational stress [38–40].
The medial preoptic area of the hypothalamus (MPOA) is a critical
region for the expression of maternal behavior in rodents [42]. The
exposure of female rats characterized as having a high-licking mater-
nal behavior pattern to prenatal stress led to a reduction not only of
this behavior, but also of the oxytocin receptor expression in MPOAto the levels of female rats characterized as low-licking [36]. Differ-
ences in oxytocin receptor levels of high licking and low licking
mothers were also previously observed in other brain areas [43,44].
We did not measure oxytocin receptor expression, but there is evi-
dence to suggest that glucocorticoids exert negative regulatory effects
on central oxytocin receptor expression [45,46]. Thus, the increased
corticosterone levels produced by the restraint stress protocol may
be implicated in the observed reduction in maternal care.
In summary, the results provide evidence that repeated restraint
stress during the last week of gestation increases plasma corticoste-
rone in the pregnant female; reduces maternal care; and affects the
preference of the pups for a familiar odor in a sex-speciﬁc manner.
Repeated restraint stress during the last week of pregnancy was an
effective stressor agent, as demonstrated by the increased corticoste-
rone levels in the pregnant rats. The intervention also reduced mater-
nal behavior, leading to a decrease in licking behavior and an increase
in the frequency with which the mother spent time off the nest away
from the pups. In the pups, the odor preference test showed that
when both adverse conditions coexisted, prenatal stress and inappro-
priate maternal behavior of the stressed mothers, no preference for
the own nest bedding area was observed in both sexes. However,
sex differences were observed. In female pups, the nest odor prefer-
ence was abolished when they experienced either, intra-uterus pre-
natal stress or reduced maternal care, while in male pups the nest
855M.A. de Souza et al. / Physiology & Behavior 105 (2012) 850–855odor preferencewas only abolished when they experienced a combina-
tion of both restraint stress and reduced maternal care. Thus, 7-day-old
female pups that suffered perinatal interventions seem to be more im-
paired in the nest odor preference test than the males. Surprisingly, no
changeswere found to theNA activity in the OB, a neurotransmitter pre-
viously described as being involved in olfactory preference [21,47,48]. It
is likely that other neurotransmitter systems, such as serotonin, which
plays a synergistic role alongwithNA [49,50]maybe involved in this be-
havioral response which needs to be investigated.Acknowledgments
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